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Abstract 

Co-morbidity of bladder, bowel, and non-specific pelvic pain symptoms is highly prevalent in women. Little evidence is 
present on modulation of pelvic pain syndromes by sex hormones, therefore, the objective of this study was to clarify the 
effects of hormonal fluctuations within the estrous cycle on regulatory neuropeptides in female rats using a model of 
neurogenic bladder dysfunction. The estrous cycle in female rats (Sprague-Dawley, 230-250 g) was assessed by vaginal 
smears and weight of uterine horns. Neurogenic bladder dysfunction was induced by a single inflammatory insult to the 
distal colon. Protein expression of calcitonin gene related peptide (CGRP), substance P (SP), nerve growth factor (NGF), and 
brain derived neurotrophic factor (BDNF) in the pelvic organs, sensory ganglia and lumbosacral spinal cord was compared in 
rats in proestrus (high estrogen) vs diestrus (low estrogen). Under normal physiological conditions, concentration of SP and 
CGRP was similar in the distal colon and urinary bladder during all phases of the estrous cycle, however, acute colitis 
induced a significant up-regulation of CGRP content in the colon (by 63%) and urinary bladder (by 54%, p<0.05 to control) 
of rats in proestrus. These changes were accompanied by a significant diminution of CGRP content in L6-S2 DRG after 
colonic treatment, likely associated with its release in the periphery. In rats with high estrogen at the time of testing 
(proestrus), experimental colitis caused a significant up-regulation of BDNF colonic content from 26.1 ±8.5 pg/ml to 
83.4±32.5 pg/ml (N = 7, p<0.05 to control) and also induced similar effects on BDNF in the urinary bladder which was also 
up-regulated by 5-fold in rats in proestrus (p<0.05 to respective control). Our results demonstrate estrous cycle dependent 
fluctuations of regulatory neuropeptides in the lower urinary tract upon colon-bladder cross-sensitization, which may 
contribute to pain fluctuations in female patients with neurogenic bladder pain. 
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Introduction 

Chronic pelvic pain (CPP) affects up to 2.5 million women [1] 
and is more common in women than migraine or asthma [2,3]. 
One third of women with CPP are diagnosed with bladder pain 
syndrome (BPS) [1] and 85% of women with CPP complain of 
pain of bladder origin [4] . Recent clinical and translational studies 
provide evidence that co-occurrence of bladder, bowel and non- 
specific pelvic pain symptoms may be due to development of cross- 
sensitization in the pelvis via neural mechanisms [5-7] and on the 
possible modulation of such pain by sex hormones [8]. Our 
previous animal data from males established an association 
between inflammation in the pelvis, release of pro-inflammatory 
neuropeptides from pelvic afferents, and development of pelvic 
organ cross-sensitization [9,10]. 

Regulatory neuropeptides serve as the modulatory factors which 
contribute to visceral hyperalgesia and pain transmission resulting 
from noxious stimulation of the pelvic organs. The main 
neuropeptides contributing to pelvic pain upon pathological 
conditions include Substance P (SP), calcitonin gene-related 
peptide (CGRP), nerve growth factor (NGF), and brain-derived 
neurotrophic factor (BDNF) [11,12]. Release of SP and CGRP 



from afferent terminals leads to the development of neurogenic 
inflammation in the affected viscera associated with degranulated 
mast cells, local plasma extravasation and arteriolar vasodilation 
[13]. We previously established that SP and CGRP contribute to 
long-lasting sensitization of neural pathways innervating the lower 
urinary tract (LUT) after transient inflammatory insult to the distal 
colon, thereby, causing neurogenic bladder dysfunction [9] . 

Increased visceral sensitivity after peripheral inflammation 
insult also correlates with an up-regulation of neurotrophins 
NGF [14-16] and BDNF [17-19] in the direcdy affected pelvic 
organs. Increased NGF content was detected in the urothelium of 
biopsies obtained from women with bladder pain syndrome (BPS) 
[15] while increased NGF, neurotrophin-3, and glial cell line- 
derived neurotrophic factor were found in the urine of BPS 
patients [20]. Recent animal studies with systemic drug interven- 
tion by injecting antiserum of either NGF or BDNF to rats with 
colitis suggested a possible interaction of the NGF and BDNF 
pathways in colitis-induced visceral hypersensitivity [21]. Addi- 
tionally, BDNF generated within sensory ganglia can undergo 
anterograde transport to the central nerve terminals in the spinal 
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dorsal horn where its release can increase synapse efficacy thereby 
contributing to central sensitization [22]. 

Steroidal hormones have the capacity to modulate neurogenic 
inflammation through interactions with a variety of pain and 
inflammation related mediators. Estradiol can regulate the 
expression of several neuropeptides including preprotachykinin 
[23], CGRP [24], and NGF [25] in sensory ganglia innervating 
the pelvic viscera. Functional studies established that under 
normal physiological conditions the effects of ovarian hormones 
on the function of different pelvic structures seem to have a 
minimal impact, but become more prominent upon pathological 
changes in one of the pelvic organs. For instance, no estrous 
influences on the micturition threshold in uninflamed bladder 
were previously determined in female rats, however, bladder 
inflammation substantially lowered the micturition threshold in 
proestrus and estrus [26]. Experiments with extravasation of Evans 
Blue dye revealed increased vascular permeability in the intact 
urinary bladder in proestrus after either colonic or uterine 
inflammation, however, these changes were insignificant in rats 
during metestrus [27]. In the present study, we aimed to further 
clarify the relationship between ovarian hormones, neurogenic 
inflammation in the pelvis and regulatory neuropeptides SP, 
CGRP, NGF and BDNF in female rats using a model of 
neurogenic bladder dysfunction induced by pelvic organ cross- 
sensitization. 

Materials and Methods 

Animals and Experimental Groups 

Adult female Sprague-Dawley rats (230-250 g, Charles River 
Laboratories, Malvern, PA, 9-10 weeks of age) were maintained 
on a 12-h light/dark cycle and housed individually with ad libitum 
access to food and water. All protocols were approved by the 
University of Pennsylvania Institutional Animal Care and Use 
Committee and adhered to the guidelines for experimental pain in 
animals published by the International Association for the Study of 
Pain. Animals were divided into two experimental groups: 1- 
control group; and 2- transient colonic inflammation (experimen- 
tal colitis) induced by TNBS (2,4,6-trinitrobenzene sulfonic acid). 
Control group of rats received saline and colitis group included 
TNBS containing enema (colon). Animals were sacrificed at 5 days 
after the treatment. Tissue samples from the distal colon, urinary 
bladder (detrusor), lumbosacral L6-S2 spinal cord and L6-S2 
dorsal root ganglia (DRG) were collected from control and treated 
female rats in either diestrus (low estrogen) or proestrus (high 
estrogen) phases of the rat cycle. The protein concentrations of 
CGRP, SP, BDNF, and NGF were measured using commercially 
available ELISA kits. 

Estrous Cycle Phases 

The stage of the estrous cycle for each female rat was 
determined by histological examination of cells in vaginal smears 
taken daily at 10 a.m. to 1 1:00 am. It is well established [28] that 
the rat estrous cycle consists of four stages: diestrus 1 (D 1 , also 
referred to as metestrus), diestrus 2 (D2), proestrus (P), and estrus 
(E). The phase of the estrous cycle was determined based on a 
cytological profile of vaginal smears as described by Becker et al. 
[28]. Diestrus 1 (metestrus) was characterized by the lack of cells 
except for a few leukocytes; diestrus 2 (diestrus) phase included 
mainly leukocytes with few larger round cells, proestrus was 
presented by nucleated epithelial cells, and estrus was evident from 
the abundance of cornified cells. Using this technique, we were 
able to classify the stages of the estrous cycle in each rat after 3-4 
cycles of observation. Group assignments were based on the phase 



of the estrous cycle the animal was in at the time of testing based 
on histological evaluation of vaginal smears. Comparisons between 
the proestrus and diestrus stages were made to give more explicit 
results [29,30]. Rats in estrus were not included in the analysis due 
to potential cofounding effects of high estrogen in proestrus and its 
prolonged effects on many physiological functions as previously 
oudined [29-31]. 

TNBS Model of Experimental Colitis 

Transient colonic inflammation was induced by a single 
intracolonic administration of TNBS solution. The TNBS solution 
was prepared fresh before the instillation procedure. For 1 ml of 
the final solution 0.25 ml of TNBS (5% w/v, Sigma) 0.25 ml of 
water and 0.5 ml of ethanol (C 2 H 5 OH, Sigma) were mixed. The 
final concentration of TNBS was 12.5 mg/ml. Rats were fasted for 
24 hours before instillation procedure to provide better access to 
the colonic lumen. Animals were briefly anesthetized with 
isoflurane (VEDCO Inc., St.Joseph, MO), a 7-8 cm long catheter 
made of polyethylene tubing and attached to a 1 cc syringe was 
inserted into the rat colon for enema administration. After 
instillation procedure, an animal was held by the tail to avoid 
any spill of instilled liquid. To assess the severity of developed 
inflammation, the daily Disease Activity Index (DAI) was 
calculated followed by MPO assay as previously described [32]. 

Protein Extraction from the Tissues 

Frozen tissues from control and treated rats were homogenized 
using PowerGen 500 homogenizer (Fisher Scientific, Rockford, IL) 
in ice-cold lysis buffer containing 25% glycerol, 62.5 mMTris- 
HC1, lxprotease inhibitors (Roche, Complete mini) and phospho- 
tase inhibitors (Roche, PhosSTOP). 10% SDS was added to the 
samples, vortexed and boiled for 4 min. The extracts were 
centrifuged at 10,000 rpm for 15 min at 4°C, and supernatants 
with the total protein were collected. Protein concentration in each 
sample was detected using BCA protein assay kit (Thermo Fisher 
Scientific, Rockford, IL). Bovine serum albumin (BSA) was used to 
generate the standard curve. Each protein sample was diluted 1:20 
with 1% SDS. All standards and samples were run in duplicate. 
The absorbance was measured at 562 nm on the Synergy 2 Multi- 
Detection Microplate Reader (BioTek Instruments, Winooski, VT) 
and data analysis was performed using Gen5 Microplate Data 
Collection & Analysis Software (BioTek Instruments, Winooski, 
VT). 

MPO Assay 

To assess the severity of the inflammatory reaction in the pelvic 
organs, we ran the MPO assay. It is a widely used method of 
quantification of the level of developed inflammation based on the 
assessment of an enzyme found in neutrophils which relocate to 
the site of inflammation [33]. Urinary bladder and colonic tissue 
samples were homogenized in 2 ml of phosphate buffer (PB, 
pH = 6.0, 50 mM) with HTAB (hexadecyltrimethylammonium 
bromide, 0.5% Sigma, St.Louis). 1 ml of each homogenate was 
transferred to eppendorf tubes and underwent 3 cycles of freeze- 
thawing followed by sonication for 10 s. After 15 min of 
centrifugation at 12000xg (4°C), supernatant was collected and 
used to determine the total protein concentrations for all control 
and experimental groups. The total protein used for the assay was 
200 (Xg/ml. The assay was started in a 96-well microplate using 
human MPO (Alpeco, Salem, NH) as a standard, 25 |Xl of total 
protein from each sample (200 (Xg/ml, colon and urinary bladder) 
and 25 (il of 3,3'-5,5'-tetramethylbenzidine (TMB; dissolved in 
DMSO, 1.6 mM), and incubated at 37°C for 5 min. 100 |XL 
H 2 0 2 , dissolved in PB (0.05 M Na 3 P0 4 , 0.5% HETAB, pH 5.4) 



PLOS ONE | www.plosone.org 



2 



May 2014 | Volume 9 | Issue 5 | e94872 



Bladder Neuropeptides Fluctuate within the Estrous Cycle 



in a final concentration of 0.003% v/v was added, and the plate 
was incubated at 37°C for 5 min. The reaction was stopped by 
adding 100 \lL of H 2 S0 4 (4 M). The optical density value of each 
sample was read at 450 nm on a Multiscan EX spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA) and converted into 
MPO values by using curves obtained from a standard sample of 
human MPO. Fold increase in MPO activity corresponded to the 
level of developed inflammatory reaction. 

Neuropeptide ELISAs 

The levels of SP in harvested tissues were measured using a rat 
Substance P ELISA kit (MD Biosciences Inc., St. Paul, MN) 
according to the manufacturer's instructions. The concentration of 
the total protein for SP assay was 200 |ig/ml. Briefly, a 96-well 
microplate was loaded with 25 |ll of primary antibody specific for 
rat SP. 50 (Lll of each sample and 50 |ll of the standard SP dilutions 
(as a control) mixed in the assigned wells in duplicate followed by 
the addition of biotinylated SP into each well except the Blank. 
The plate was incubated for 2 h at RT, and then washed 6 times 
with provided in the kit wash buffer. Subsequently, 100 (0,1 of 
biotinylated anti-SP antibody solution was added, incubated for 

1 h, and then washed four times. 1 00 (J.1 of streptavidin- 
horseradish peroxidase conjugate solution was added to each well 
except chromogen blank, incubated for 1 hour, and washed again. 
After that, 100 |ii of substrate solution provided in the kit was 
added to each well and the plate was incubated for 1 hour at room 
temperature. The reaction was stopped with 2N HC1 and the 
optical density values were read at 450 nm using a Biotek Synergy 

2 plate reader (BioTek Instruments Inc., Winooski, VT). 
Tissue CGRP levels were measured using CGRP Enzyme 

Immunoassay (EIA) kit for rats (ALPCO Diagnostic, Salem, NH) 
according to the manufacturer's instructions. For CGRP assay the 
total protein concentration was 400 |J.g/ml for the pelvic organs, 
and 300 |ig/ml for the spinal cord and DRG. BDNF ELISA kit 
from Leinco Technologies (St. Louis, Missouri) was used to 
measure the concentration of BDNF, and NGF Emax Immuno- 
assay System kit for rat was used for NGF detection (Cat.#TB226, 
Promega Corporation, Madison, WI). The concentration of the 
total protein for NGF and BDNF assays was 300 |J.g/ml. 

Chemicals 

TNBS was purchased from Sigma Aldrich (St. Louis, MO). SP 
ELISA kit was purchased from MD Biosciences (St. Paul, MN), 
CGRP ELISA kit from ALPCO Diagnostics (Salem, NH), BDNF 
ELISA kit from Leinco Technologies (St. Louis, MO), and rat 
NGF Emax Immunoassay System kit from Promega Corporation 
(Madison, WI). BCA kit was obtained from Thermo Fisher 
Scientific (Waltham, MA). 

Statistical Analyses 

All data are expressed as the mean ± standard error of the mean 
(S.E.M). The protein concentrations of neuropeptides were 
statistically analyzed using one-way repeated measures ANOVA 
followed by group comparisons using Bonferroni's post-hoc 
analysis (Systat Software Inc., San Jose,CA). 

Results 

Phase of the Estrous Cycle and Effects of Colitis 

The phases of the estrous cycle were followed for 3 cycles in all 
female rats with an average duration of the cycle from 4 to 5 days. 
Once the exact pattern of the phases of the estrous cycle was 
established for each rat, the treatment with TNBS to induce 
colonic inflammation was done 5 days prior to the desired phase of 



the estrous cycle on the day of tissue harvesting. Animals had 
vaginal smears taken throughout the entire period of the study, 
and only tissues from animals in diestrus/ metestrus (N = 6) and 
proestrus (N = 7) were harvested for neuropeptide analysis. Since 
metestrus only lasts for a short period of time (5-6 h) and the 
plasma estrogen concentration in metestrus did not differ from 
that in diestrus [28], data from these two groups of rats were 
pooled. Fig. 1 (A-D) represents the cytological evaluation of the 
cells in vaginal smears corresponding to the respective phases of 
the estrous cycle. The weight of the uterine horns was measured 
and used as the second index for determination of the estrous 
phase. Uterine horns from rats in proestrus were thicker, filled 
with fluid and weighed significantly more than ones from rats in 
diestrus (Fig. 1 E, p^O.05 to diestrus). Induction of experimental 
colitis had no effect on the length of the phases of the estrous cycle 
nor on the weight of the uterine horns within the same phase of the 
cycle (Fig. 1 E). 

Myeloperoxidase Assay 

The MPO assay is a validated biochemical method of grading 
inflammation in the tissue and measures the amount of MPO 
enzyme released by neutrophils at the site of inflammation [33]. 
The analysis of the enzyme concentration in the distal colon 
revealed a significant inflammatory reaction associated with 7-fold 
increase in MPO after TNBS treatment (Fig. IF, p<0.05 to 
control group). This increase in MPO was independent of the 
estrous cycle phase in rats with inflamed colon. The MPO values 
in the urinary bladder were not affected by TNBS instillation 
suggestive of the absence of detectable inflammation in the bladder 
(Fig. IF). 

Ovarian Hormones Modulate CGRP Content in the Pelvic 
Organs and Sensory Ganglia 

Comparison of CGRP level in the tested pelvic organs of control 
females during diestrus and proestrus did not reveal significant 
changes between these phases of the estrous cycle (Fig. 2 A and B). 
Protein concentration of CGRP in the distal colon (directiy 




Figure 1. Evaluation of the stage of the estrous cycle in cycling 
female rats. Panels A-D show representative microphotographs of 
vaginal cytological samples taken from a female rat during diestrus 1 
(metestrus, A), diestrus 2 (B), proestrus (C), and estrus (D). E, The uterine 
tube weight from rats in proestrus (N = 7) is significantly greater than in 
rats in diestrus (N = 6, p<0.05) in both control and experimental groups 
of animals. F, Concentration of myeloperoxidase (MPO) enzyme is 
significantly elevated in the distal colon during colonic inflammation 
and unchanged in the urinary bladder of rats with active colitis. * - p£ 
0.05 to respective control group. D-diestrus, P-proestrus. 
doi:10.1371/journal.pone.0094872.g001 
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affected by inflammatory insult) was not different between control 
and inflamed groups during diestrus phase of the cycle (Fig. 2A). 
However, in rats with high estrogen at the time of testing 
(proestrus), experimental colitis caused a significant up-regulation 
of CGRP content by 63% (Fig. 2A, p<0.05 to respective control). 
Transient colitis had similar effects on protein concentration of 
CGRP in the urinary bladder which was also up-regulated in rats 
during proestrus but not in diestrus when compared with control 
groups (Fig. 2B). Neither phase of the estrous cycle nor 
inflammatory insult had an effect on the CGRP content in the 
lumbosacral spinal cord (Fig. 2C). However, the concentration of 
CGRP was significantly diminished during both diestrus and 
proestrus in lumbosacral DRG after TNBS treatment (Fig. 2D) 
which may be associated with the release of this neuropeptide in 
the pelvic organs triggered by visceral inflammation. 

Visceral Cross-sensitization Up-regulates SP in the Pelvic 
Organs 

Under normal physiological conditions, concentration of SP was 
similar in the distal colon and urinary bladder during all phases of 
the estrous cycle. Development of inflammation in the colon 
caused a significant increase in the SP content by 2-fold in both 
organs (from 1.9±0.8 ng/ml to 4.4±2.1 ng/ml in the colon; from 
2.3 + 0.9 ng/ml to 5.2±2.2 ng/ml in the bladder) during diestrus 
phase (Fig. 3 A, p^O.05 to respective control). Similar changes 
were observed in the urinary bladder of rats in proestrus (Fig. 3B). 



Concentration of SP in the distal colon during proestrus was 
elevated 4-fold in comparison with untreated animals (Fig. 3 B, 
N= 7, p<0.05 to control). 

BDNF Levels are Modulated by Ovarian Hormones during 
Active Colitis 

Protein concentration of BDNF in the distal colon was not 
different between control and inflamed rats during diestrus phase 
of the cycle (Fig. 4 A). However, in rats with high estrogen at the 
time of testing (proestrus), experimental colitis caused a significant 
up-regulation of BDNF colonic content from 26.1 ±8.5 pg/ml to 
83.4±32.5 pg/ml (3.2-fold increase, Fig. 4A,N=7, p<0.05 to 
respective control). Experimental colitis had similar effects on the 
level of BDNF in the urinary bladder which was also up-regulated 
by 5-fold in rats in proestrus (from 8.4±3.9 pg/ml to 
43. 8± 15.6 pg/ml, p£0.05 to control) but not in diestrus when 
compared with respective control groups (Fig. 4B). Colonic 
inflammation also induced an increase in BDNF content in the 
lumbosacral spinal cord but the difference reached statistical 
significance only for proestrus phase (Fig. 4C, p£0.05 to respective 
control). In addition, colonic inflammation triggered a diminution 
of BDNF content in sensory ganglia during proestrus phase but 
not during diestrus phase of the estrous cycle (Fig. 2D). 



A, Distal colon B, Urinary bladder 




Diestrus Proestrus Diestrus Proestrus 



C, Spinal cord D, Dorsal root ganglia 




Diestrus Proestrus Diestrus Proestrus 



Figure 2. Estrous cycle dependent changes in CGRP content in the pelvic viscera and neural tissues after experimentally induced 
colitis. A, CGRP content in the distal colon during low (diestrus) and high (proestrus) estrogen. B, Concentration of CGRP in the urinary bladder 
during diestrus and proestrus phases. C, Neither phase of the estrous cycle nor colonic treatment significantly modulated CGRP content in the 
lumbosacral spinal cord. D, CGRP fluctuations within the estrous cycle in L6-S2 sensory ganglia innervating the pelvic organs. * - p<0.05 to respective 
control group. 

doi:1 0.1 371 /journal.pone.0094872.g002 
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Figure 3. Visceral cross-sensitization up-regulates SP in the pelvic organs. A, Concentration of SP protein in the distal colon, urinary bladder 
and neural tissues in rats during diestrus. B, Substance P content during proestrus in control and TNBS-treated animals. SC- spinal cord, DRG - dorsal 
root ganglia. * - p<0.05 to respective control group. 
doi:1 0.1 371 /journal.pone.0094872.g003 



Limited Effects of Experimental Colitis on Concentration 
of NGF during Colon-bladder Cross-talk 

Concentration of NGF in isolated neural and pelvic tissue 
samples from female rats in diestrus and proestrus varied between 
the organs but has not been significantly affected by acute 



inflammation of the distal gut (Fig. 5). The only significant 
difference was observed between control and experimental groups 
in the distal colon in animals during proestrus (Fig. 5B). In this 
group, NGF content was elevated by 43% in comparison with 
untreated animals in the same phase of the estrous cycle (Fig. 5 B, 
N=7, p<0.05). 
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Figure 4. Protein levels of BDNF are modulated by ovarian hormones during active colitis. A, BDNF content in the distal colon during low 
(diestrus) and high (proestrus) estrogen. B, Concentration of BDNF in the urinary bladder during diestrus and proestrus phases. C, Experimentally 
induced colitis significantly up-regulated BDNF content in the lumbosacral spinal cord during proestrus phase. D, BDNF fluctuations within the 
estrous cycle in L6-S2 sensory ganglia innervating the pelvic organs. * - p£0.05 to respective control group. 
doi:1 0.1 371 /journal.pone.0094872.g004 
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Figure 5. Limited effects of ovarian hormones on NGF concentration during colon-bladder cross-sensitization. A, Concentration of 
NGF protein in the distal colon, urinary bladder and neural tissues in rats during diestrus. B, NGF content during proestrus in control and TNBS-treated 
animals. SC- spinal cord, DRG - dorsal root ganglia. * - p<0.05 to respective control group. 
doi:1 0.1 371 /journal.pone.0094872.g005 



Discussion 

We have evaluated the estrous cycle dependent fluctuations of 
major regulatory neuropeptides involved in the development of 
neurogenic inflammation in the pelvis upon colon-bladder cross- 
sensitization. The results of our study provide evidence that 
ovarian hormones influence neuropeptide content in the pelvic 
organs of female animals and, therefore, may play a role in cyclic 
fluctuations of pain intensity and duration observed in women 
with BPS and other CPP disorders. 

Steroid hormones show the capacity to modulate neurogenic 
inflammation and nociceptive signaling due to a widespread 
expression of estrogen receptors (ER) in the pelvic organs and 
associated neural pathways. Both estrogen receptors, ER-a and 
ER-P, have been detected within the bladder mucosa by 
immunohistochemical labeling, and ER-P is the predominant 
isoform expressed in the basal cell layer of the urothelium [34,35]. 
Estrogen receptors are also expressed in the central and peripheral 
nervous system innervating the urogenital organs [36]. Previous 
studies established that estrogen deficiency in women, especially 
long-term, is associated with a wide range of urogenital 
complaints, including frequency, nocturia, incontinence, urinary 
tract infections and urgency (reviewed in [37]). Experiments in 
female rabbits determined that ovariectomy results in significandy 
decreased bladder contractile function followed by an increase in 
the ER density [38]. Inflammation of the lower urinary tract 
reduced the ER-P expression in the inflamed urinary bladder of 
rats and caused more severe inflammatory reaction in ovariecto- 
mized animals [39]. Additional studies determined that EB-P- 
deficient female but not male mice develop a bladder phenotype 
resembling human BPS [40]. 

Previous investigations established that estradiol can regulate 
the expression of preprotachykinin [23], GGRP [24], and NGF 
[25] receptors suggesting that estrogens likely influence a variety of 
peripheral functions via ER-mediated mechanisms [41]. In the 
present study, we observed estrous cycle dependent effects of 
experimental colitis on pro-inflammatory neuropeptides SP and 
GGRP which were significantly up-regulated in the urinary 
bladder during proestrus phase. Interestingly, concentration of 
SP was up-regulated in the pelvic organs of female rats during 
both low (diestrus) and high (proestrus) estrogen whereas CGRP 
levels were significantly higher only during proestrus phase. These 
results correlate with the data from our previous study performed 
on male rats which showed a significant up-regulation of SP but no 
significant changes in CGRP content in the pelvic organs at the 



same time point [9]. This data also matches the results published 
by Shaffer at al [30] who established no significant differences in 
CGRP and SP levels as a function of the estrous cycle in control 
rats but substantial enhancement of neuropeptide content in 
proestrus after bladder inflammation. It is highly likely that 
expression of CGRP is more estrogen dependent when compared 
to SP, however, additional studies are needed to understand the 
underlying mechanisms of such sensitivity. 

Although it is unlikely that fluctuations in plasma estrogen 
concentrations alone stimulate pain and inflammation, estrogen 
may play a role in modulating the intensity of the response to 
neurogenic inflammation within the bladder. Recent work by 
Rudick et al evaluated the differences in pain responses between 
males and females using a pseudorabies virus-induced model of 
cystitis in mice [42]. They established that female mice showed 
significandy greater pelvic pain behavior in comparison with male 
mice upon development of neurogenic cystitis. However, ovariec- 
tomy and subsequent acute estrogen replacement had no effect on 
the magnitude of virus-induced neuropathic pain in female mice. 
It should be noted that the phases of the estrous cycle were not 
tracked in this study, nor were compared the pain responses 
between different phases of the estrous cycle in affected female 
mice. The presented results suggest that ovarian hormones play 
rather modulatory than key role in gender based pelvic pain in this 
model of neurogenic cystitis. 

Previous studies determined that both ERoe and ERP mRNA 
levels were up-regulated during proestrus in comparison with 
metestrus in the sensory neurons of intact cycling female rats [43]. 
Low concentrations of 1 7 P-estradiol, which acts via ER-a 
receptors, also increased survival of cultured DRG neurons 
deprived of NGF [44]. ER-a and ER-P stimulate different 
signaling pathways and, therefore, may differentially influence 
the extent and direction of neurotrophin expression within the 
estrous cycle [45] . There are a number of important factors that 
convey the neuropeptide effects including transport to and release 
from peripheral nerve terminals, rate of peptide metabolism, 
positive/negative feedback on synthesis and release [46]. Estrogen 
and the neurotrophins may influence each other's actions by 
regulating receptor and ligand availability as well as by reciprocal 
regulation at the level of signal transduction or gene transcription. 
They can also stimulate the synthesis of proteins required for 
neuronal differentiation, survival and maintenance of function 
[47]. 

Estrous cycle dependent up-regulation of CGRP content in the 
urinary bladder and distal colon occurred in parallel with the 
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similar changes observed for BDNF. Concentration of BDNF in 
the distal colon and urinary bladder was enhanced by peripheral 
inflammation during proestrus but not diestrus phase. Addition- 
ally, we detected an elevated concentration of BDNF in the spinal 
cord of females in proestrus. BDNF is synthesized in primary 
sensory neurons after peripheral inflammation where it facilitates 
intracellular signal transduction and gene expression at the dorsal 
horn of the spinal cord via anterograde transport [22,48]. 
Modulation of visceral pain by BDNF was shown to be sex- 
dependent with facilitation of painful responses in female animals 
[49]. This effect may be associated with an increase in estrogen 
receptor binding sites in the lumbosacral spinal cord during 
proestrus in female rats [50]. The role of BDNF in bladder 
inflammation was evaluated by intrathecal injections of either a 
general Trk receptor antagonist or a BDNF scavenger [51]. Both 
treatments notably improved bladder function during acute 
cystitis. The study by Qiao et al [52] determined that the level 
of BDNF high affinity receptor TrkB is increased in bladder 
afferent neurons during colonic inflammation. The accumulation 
of TrkB in bladder sensory neurons may enhance the responsive- 
ness of these neurons to BDNF, thus, leading to the changes in 
neuronal plasticity. In DRG culture, BDNF also increases the 
expression level of CGRP, an excitatory neurotransmitter that is 
up-regulated in bladder afferent neurons during colonic inflam- 
mation [52], suggesting a possible complimentary role of BDNF in 
modulating CGRP expression and associated bladder afferent 
excitability. 

Expression of BDNF in sensory neurons innervating pelvic 
organs can be modulated by NGF. The role of NGF and 
respective TrkA receptors in regulating BDNF expression in the 
DRG was illustrated by previous studies showing that NGF 
treatment increases BDNF expression in the TrkA/CGRP 
peptidergic DRG neurons [53]. Several groups previously 
established that colonic inflammation increases the level of NGF 
and/or neural activity in the inflamed colon [14,16,54]. We also 
observed an up-regulation of NGF in the directly affected organ 
(colon) during proestrus but not diestrus phase. This may be 
explained by the lower level of the inflammatory reaction induced 
in our study as well as by indirect effects of transient colitis on 
bladder neuropeptides. Enhanced levels of CGRP and BDNF in 
the pelvic organs during proestrus were paralleled by a significant 
decrease of these neuropeptides in the sensory ganglia which 
corresponded with their peripheral release. Physiological experi- 
ments in female rats did not determine estrous influences on the 
micturition threshold in uninflamed bladder, but direct inflam- 
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Clinical Relevance and Conclusions 

The prevalence of CPP and pain co-morbidities in women 
suggests involvement of ovarian hormones in modulation of pain 
intensity and transmission in the pelvic organs. Steroidal hormones 
have the capacity to modulate neurogenic inflammation in the 
lower urinary tract through interaction with a variety of mediators 
of pain and inflammation. The present findings illustrating 
correlation between fluctuations in regulatory neuropeptides and 
estrogen concentration during development of colon-bladder 
cross-sensitization provide evidence for endogenous modulation 
of bladder pain by ovarian hormones. Further studies are 
warranted to understand the molecular physiology of pelvic organ 
cross-sensitization and CPP in order to advance the generation of 
new pharmacological therapies for the treatment of pelvic pain 
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